Random plasma density inhomogeneities may defocus the output pulses of powerful backward Raman amplifiers ͑BRA͒. Because of ultrahigh intensities of even nonfocused BRA outputs, such distortions, if occur, are then difficult to correct. A simple expression is derived for the largest BRA length for which the output pulse focusability is not yet spoiled. Interestingly, this limitation does not depend on the pump laser intensity. A useful effect of plasma inhomogeneities that might help to suppress premature pump backscattering by thermal noise is also pointed out.
I. INTRODUCTION
The recently proposed scheme for fast compression of pump laser pulses in plasma through transient backward Raman scattering 1 is expected to produce short laser pulses of nearly relativistic non-focused intensities. For example, for ϭ1 m-wavelength lasers, the expected nonfocused output pulse intensity is Iϳ10 17 W/cm 2 , which is about five orders of magnitude higher than currently available through chirped pulse amplification. 2 Unprecedented ultrarelativistic intensities could be obtained, if the fast compressor outputs were efficiently focused in vacuum. This, however, is not readily achieved by existing mirrors or gratings, since the nonfocused output intensities already greatly exceed the highest intensities tolerable by a material surface. The fast compression scheme envisions using a prefocused seed pulse that remains focused as it is amplified in the plasma, with further focusing occurring in a vacuum as the pulse leaves the plasma. 1 The pumped pulses are thought to remain well-focused through the entire amplification process, because the phase fronts of the original short seed pulse should not be much affected by the pump. The amplification is mediated by the Langmuir wave resonantly excited by beatings of the seed and the pump. It occurs primarily behind the short leading seed, where the Langmuir wave has already time enough to grow; ahead of the seed there are no Langmuir waves, except for small thermal noise. Thus, the growing Langmuir waves backscatter the pump, and the backscattered electromagnetic field also grows behind the seed front. Eventually, the backscattered wave is sufficiently strong to deplete completely the pump. This qualitative picture is confirmed by twodimensional numerical simulations, 3 where the phase fronts of amplified pulses were shown to be robust to a broad range of pump and seed perturbations in homogeneous plasmas.
The major goal of the current work is to analyze quantitatively the effect of random plasma density inhomogeneities on the focusability of output pulses in backward Raman amplifiers ͑BRA͒. Plasma density inhomogeneities can influence the pumped pulse through scattering the seed and through detuning the BRA resonance. The effect on BRA of a fixed longitudinal gradient in plasma density was analyzed and usefully employed in Ref. 4 . Here we are interested instead in the effect of random inhomogeneities of the plasma density. The transverse variation of these inhomogeneities is capable of spoiling the focusability of pumped pulses. In the applications that we contemplate, the focusing length of BRA output pulses is assumed to be much larger than the BRA length.
II. SIMPLE THEORY
The BRA resonance detuning is caused primarily by fluctuations of the Langmuir wave frequency, ␦ e Ϸ 0 ␦n/2n 0 , ͑1͒ associated with the deviation ␦n of plasma electron concentration from its average value, n 0 , and the respective deviation of electron plasma frequency from its average value, 0 ϭͱ4n 0 e 2 /m e , where e is the charge and m e is the mass of an electron. One might expect that the detuning effect is not likely to be important for pumped pulses whose frequency bandwidth is much larger than ␦ e . The frequency bandwidth of pumped pulses in BRA is at least as large as growth rate ␥ 0 of the linear BRA instability of the pump. For a laser frequency much larger the plasma frequency, ӷ 0 , the linear growth rate of BRA is
͑2͒
where a 0 is the electron quiver velocity, measured in units of the vacuum speed of light c, and normalized such that the pump power density is I 0 ϭc(m e c 2 This relatively mild condition becomes even milder during the nonlinear stage of amplification, when the pumped pulse becomes shorter and its frequency bandwidth increases. The increase is approximately linear in time, since the pumped pulse duration, which is the duration needed for the pump depletion, is inversely proportional to the pulse amplitude. Taking into account that the major portion of the pump energy is consumed during the advanced nonlinear stage of amplification, when the pumped pulse is the shortest and its bandwidth largest, we do not need in fact to have condition ͑3͒ satisfied, but rather a milder condition corresponding to the advanced nonlinear stage of amplification.
When condition ͑3͒ is not satisfied, the instability still develops and reaches nonlinear stage in a domain closely trailing the seed, provided the seed is short enough. The length of the instability survival region behind the seed, where the instability is nearly not affected by inhomogeneities, can be estimated as l r ϭc/␦ e . The growth rate there is smaller than ␥ 0 , since ␥ 0 is the rate that would be reached in a homogeneous plasma much further behind the seed, where the instability is now suppressed by inhomogeneities. In order not to delay too much of the pump depletion, one may use more intense seed pulses. The seeding capacity is conveniently characterized, as in Refs. 1, 4, 5, by the dimensionless integrated amplitude,
͑4͒
with the initial seed pulse amplitude b 0 defined in the same way as the pump amplitude a 0 above.
Note, that decrease in the linear growth rate at ␦ e Ͼ␥ 0 indicates that density inhomogeneities, apart from having harmful defocusing effect on pumped pulse, might help to stabilize the pump to premature backscattering by thermal noise.
Consider now pumped pulse scattering by plasma density fluctuations, which could spoil the pumped pulse phase fronts and hence focusability. We assume that the leading seed is short enough to be nearly not affected by the detuning and the pump, and also is shorter than the output pumped pulse. According to Ref. 1, the phase does not vary along the pumped pulse in the absence of the detuning. Therefore, when the pumped pulse is already short enough to neglect the detuning within the energy-containing domain, the phase fronts in this domain should closely reproduce the phase fronts of the leading seed. Then, the output focusability depends primarily on the propagation of the seed front, which can be analyzed within the standard linear theory for laser pulse propagation in an inhomogeneous plasma. 6, 7 For a single laser pulse propagating through an inhomogeneous plasma in the linear ray optics regime, the wave number deviates by
͑5͒ from the homogeneous plasma case, resulting in a phase shift
at the distance z from the plasma boundary. In particular, this phase shift varies in the transverse directions r Ќ , as does ñ . Thus, an originally quasiplane section of the pulse phase front becomes distorted in the transverse directions. The r Ќ -dependent part of the laser field can be interpreted as the field scattered by plasma inhomogeneities. As long as ␦ Ӷ1, the r Ќ -dependent intensity constitutes a relatively small fraction (␦) 2 of the nonscattered field intensity. Consider the case that the longitudinal and transverse correlation lengths of plasma density fluctuations satisfy the condition,
Then, for an intermediate z, such that l ʈ ӶzӶl d , longitudinal averaging of fluctuations occurs, while diffraction remains negligible and the ray optics approximation can be used. Performing this averaging then gives
The decrease in the nonscattered ͑i.e., nondistorted͒ seed field intensity I s is
N. ͑10͒
A similar consideration applies to the next z-layer and also to the next quasiplanar section of the laser pulse phase front. Therefore, Eq. ͑10͒ should be valid everywhere in the plasma. The same arguments will accommodate a slow variation of the correlation function N. We do not consider evolution of the scattered field, since it is not needed here, as long as the rescattering back to the nonscattered field is relatively small. The quantity l s in Eq. ͑10͒ represents the length of energy loss by the well-focused pumped pulse ͑which can be pumped up to a fluency 2l s I 0 ). It means that there is not much sense in making the pump longer than 2l s and the plasma should not be longer than l s ,
.
͑11͒
This expression does not depend on the pump laser intensity, in contrast to the largest BRA lengths allowed by the nearforward Raman scattering and modulational instability of the pumped pulse ͑which lengths both get smaller for larger pump intensities Ϫ5 cm, i.e., ñ Ͻ0.03 for l ʈ ϳ0.03 cm.
Alternatively, Eq. ͑11͒ could be viewed as a restriction on the amplitude of plasma density fluctuations needed for good output pulse focusability at given amplification length l BRA ,
III. NUMERICAL RESULTS
To verify the above simple theory, we solved numerically the basic equations for three-wave interaction along the 2D set of rays. Neglecting diffraction effects, the basic equations for each ray are 1D equations of Refs. 1 and 5,
where f is a normalized envelope of the Langmuir wave. The shape of the seed was initially Gaussian in both the longitudinal and transverse directions. Further, even when the shape deviates from the Gaussian one, we define the pulse duration and diameter as the respective full widths at the half of the maximum intensity ͑FWHM͒. Random perturbations of plasma density were considered to be Gaussian with the dispersion ͗ñ 2 ͘ and correlation lengths l ʈ and l Ќ ,
͑13͒
These perturbations enter in Eq. ͑12͒ through the modulation of plasma frequency ␦ e ͓see Eq. ͑1͔͒.
We selected the values of pump amplitude a 0 ϭ0.006, laser-to-plasma frequency ratio / 0 ϭ12, the initial seed amplitude b 0 ϭ0.0031, and duration 40 fs ͓corresponding to the integrated seed amplitude ⑀ϭ0.1 as defined by Eq. ͑4͔͒. The width of the plasma layer was taken at 0.7 cm. Figure 1 shows the pumped pulse intensity and phase along a single ray, numerically calculated for two different cases of random density perturbations with the same l ʈ ϭ0.018 cm but different amplitudes ͗ñ 2 ͘ ϭ0.03 that suppresses the linear instability grows rate for the given parameters. For comparison, we show also longitudinal profiles of the pumped pulse intensity in the homogeneous plasma. Note, that the linear e-folding length in homogeneous plasma is l 0 ϭc/␥ 0 ϭ0.013 cm for given parameters.
As seen from the pulse intensity longitudinal profiles at an early amplification stage, ctϭ0.07 cm ͓Fig. 1͑b͔͒, the linear instability growth rate is not substantially suppressed for ϭ0.15. This is due to the frequency bandwidth broadening of the pumped pulse, in accordance with the above theory. Thus, highly efficient BRA is capable tolerating very strong density inhomogeneities. Figure 1͑d͒ shows the phase profile of the pumped pulse in inhomogeneous plasma at ctϭ0.7 cm. As seen, the phase is nearly constant in the energy-containing domain of the pumped pulse. Phase jumps near zeros of the pulse amplitude are readily understood and not important from the energetic viewpoint. This supports the above speculations that phase fronts of the pumped pulse reproduce phase fronts of the leading seed at the distances shorter than c/␦ e from the front. Highly efficient BRA along each ray does not guarantee yet good focusability of the output pulse. To address the focusability issue we performed two-dimensional simulations including both the amplification of the seed pulse by the pump in plasma and further propagation of the output pulse in vacuum up to the focal plane. The transverse profiles of the input pump and seed intensities were Gaussian with 1.2 cm FWHM.
The input seed pulse was prefocused to a focal spot with 12 m FWHM, and the distance from the plasma boundary to the focal plane was 30.7 cm. The pump and seed on-axis amplitudes, seed duration, and the ratio of the laser frequency to the plasma frequency were taken to be the same as in Fig. 1 . Plasma density perturbations were of the amplitude
ϭ0.03 and the correlation scales l ʈ ϭl Ќ ϭ0.02 cm. The results are presented in Fig. 2 . Figure 2͑a͒ shows distortion of transverse profiles of the pumped pulse phase in the inhomogeneous plasma. The phase dispersion at the exit from the plasma layer, ͗(␦) 2 ͘ Ϸ0.6, is consistent with Eq. ͑8͒. Figure 2͑b͒ shows the transverse profile of the pumped pulse intensity in the focal plane at the z-location of the absolute intensity maximum. The intensity is normalized to the maximum focal intensity value in the absence of the plasma density inhomogeneities (I 0 ). The decrease in the nonscattered focused intensity caused by the density inhomogeneities is consistent with Eq. ͑10͒, I s /I 0 ϭ0.55. The focal FWHM of the nonscattered spike is the same as in the homogeneous plasma, which is 22 m. This size is somewhat larger than it would be in the absence of the pump, due to an ''edge steepening'' in the transverse profile of the pulse intensity during the amplification. The effect, noted in Refs. 3 and 4, is associated with the quadratic dependence of pumped pulse amplitude on pump amplitude (bϰa 2 ) and horseshoe shape of the pumped pulse. The ''edge steepening'' implies generation of larger transverse wave numbers and, hence, a larger focal spot.
Note that an attempt to make the BRA length larger than l s of Eq. ͑11͒, when this is allowed by other limiting factors, would lead to ͗(␦) 2 ͘ӷ1 and scattering nearly all the pulse energy. We are not interested here in such low-efficiency regimes, even though the nonscattered light still might be seen in the focal spot well above the background. The focal spot remains distinct because the nonscattered field remains well-focused, as the original input, while the scattered light propagates in a broad solid angle. The effect was discussed, for instance, in Ref. 8 in the context of image recognition in a dirty water.
To illustrate numerically the potentially useful stabilizing effect of plasma density inhomogeneities on the pump backscattering by thermal Langmuir noise, consider propagation of the pump through the plasma with a temperature T e ϭ40 eV. Consider, for simplicity, a thin pump pulse of diameter d much smaller than the amplification length l. Then, the waves backscattered at small axial angles ( Ͻd/l) might be dangerously amplified, while the waves backscattered at larger angles quickly leave the pump domain in transverse directions. It makes a reasonable 1D numerical modeling.
The results of such 1D simulations, performed for l ϭ0.3 cm and dϭ0.04 cm, are presented in Fig. 3 . The pump amplitude, the laser wavelength, and the ratio of the laser frequency to the plasma frequency were the same as in the above examples. We used 1D equations ͑12͒. The instability was seeded by thermal Langmuir waves, possessing T e energy per each mode in the three-dimensional wave-vector space,
where the bar indicates time averaging and V k is number of Langmuir waves responsible for the pump nearbackscattering, per unit volume. Under above conditions, V k ϳ⌬k ʈ ⌬k Ќ 2 , where ⌬k ʈ ϳ␥ 0 /c and ⌬k Ќ ϳk pump d/l ͑and all these Langmuir waves have wave-vectors around k Ϸ2k pump ).
We compared pump pulse propagation through a homogeneous plasma and through a plasma with static density perturbations of the amplitude ͗ñ 2 ͘ 1/2 ϭ0.055 and correlation scale l ʈ ϭ0.006 cm. In the homogeneous plasma, the pump was noticeably depleted by the noise-seeded backscattering even before the pump front exited the plasma. The pump intensity profile upon the pump front traversing 85% of plasma length l is shown in Fig. 3͑a͒ by the solid line. The Langmuir wave amplitude, shown there by the dashed line, reached then the wave-breaking value ͑see Refs. 1 and 5͒ in the maximum located at the pump entrance into the plasma.
The static plasma density inhomogeneities, shown in Fig. 3͑b͒ by a dotted line, allows even a 2l-long pump pulse ͑solid line͒ to traverse the entire l-long plasma layer nearly nondepleted.
Note that, in a homogeneous static plasma, the largest depletion occurs near the pump entrance into the plasma where the pumped noise grows the largest time, while in an inhomogeneous static plasma, the major backscattering tends to occur in the longest flat domains of random density profile. To avoid long flat density regions where the plasma is effectively quasihomogeneous, we chose in this simulation the longitudinal correlation scale of static density perturbations smaller than c/␥ 0 .
IV. CONCLUSION AND DISCUSSION
Our results indicate that energetically efficient BRA is remarkably robust to the random static plasma density inhomogeneities. Moreover, the output pumped pulse can maintain the same high focusability as the input prefocused seed in a broad range of parameters of practical interest. We also found that random plasma inhomogeneities can help to suppress premature pump backscattering by thermal Langmuir noise.
Note, that the joint effect of random plasma density inhomogeneities and BRA detuning ͑associated with a regular longitudinal density gradient and/or a pump chirp͒, not analyzed here, requires further attention. This effect was considered by Nicholson et al. 9 for the case of a regular density gradient, for the somewhat different problem of wavelength detuning, rather than frequency detuning like in our case. It was found that even relatively small random plasma density inhomogeneities combined with a detuning can produce a new instability. The relevance of this effect to the BRA has yet to be addressed.
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